AD=AOT71 580 MASSACHUSETTS INST OF TECH CAMBRIDGE DEPT OF CHEMISTRY F/6 T/4
FLAT=BAND POTENTIAL OF N=TYPE SEMICONDUCTING MOLYBDENUM DISULFI==ETC(U)

JUL 79 L F SCHNEEMEYER* M S WRIGHTON NOOO14=78=C=0630
UNCLASSIFIED TR=1 NL
‘ IIIII||IIIII‘I|III||IIIII|IIIII\|IIIII|IIIII||IIII\IIIIII|IIII||IIII|

FILMED

END
Q







UNCLASSIFIED :

LASSIFICATION OF THIS PAGE (When Dete Entered)

/ REPORT DOCUMENTATION PAGE

2. GOVT ACCESSION NO, l.’_ REGIPIENT'S CATALOG NUMBER

v ?~ )
N %ﬁ'{éﬂ " Yedhn ﬁc&'?'%‘@é‘f“

4.

Flat-Band Potential of n-Type Semiconducting
Molybdenum Disulfide by Cyclic Voltammetry of Two-| =" !”____ s |
Electron Reductants: Intertace Energetics and / [6. PERFORMING ORG. REPORT NUMBER
the Sustained Photooxidation of Chloride., i

S ————. .

8. CONTRACT OR GRANT NUMBER(s)

ijnn F.}chneemeyer agd Mark SY /ﬁr]“g_r_\foq’ é/ EWW 4,-78-C-p63# J*'J

E S. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK |
| Deparmnt Of Chemi Stry 7, AREA & WORK UNIT NUMBERS
1 Massachusetts Institute of Technology NR ;5*4596
i Cambridge, Massachusetts 02139 At 2
}1 1. CONTROLLING OFFICE NAME AND ADDRESS - P 5] 12. REPORT DATI
[ Department of the Navy d’ﬂ July<ie 79
| Office of Naval Research [ o=t TY NOWBEN OF »oes
‘ Arlington, Virginia 22217 27
14, MONITORING AGENCY NAME & AOO!!S;(M dluomt from Conmllhu‘ Ottice) 18. SI?U-RI‘I’Y CLASS. (of thie report)
{ /, , p j UNCLASSIFIED

MAOT1580

! Y & 1Sa. DECLASSIFICATION/ DOWNGRADING
! SCHEDULE

16. DISTRIBUTICN STATEMENT (of this Report)

Approved for public release; reproduction is permitted for any purpose
of the United States government; distribution unlimited. L
D D C

»

. r—\r-*r-\r;:r'n nr: &
" 17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, if different irom Report) “ 8 0 .4 1 W
Distribution of this document is unlimited. (‘\ JUL 24 1979
IJILLJIBU U G

g {>_ 18. SUPPLEMENTARY NOTES
(a1

! | O Prepared for publication in the Journal of the American Chemical Society
:‘ 5 19. KEY WOKOS (Continue en reveree olde I y and | ify by bleck ber)
’ b photoelectrochemistry, flat-band potential, energy conversion-, durability

D ||
4 = :
] = 207MBSTRACT (Continue an reverse eide It nec Identity by dlock number)

Cyclic voltammetry has been used to locate the band edges of n-type MoS
CH;CN/ and EtOH/[n-Bu,N]JC10, solutions. The crucial experiments concern t e
study of the cyclic voltammetry of biferrocene (BF) and N,N,N',N'-tetramethyl-p-
phenylenediamine (TMPD) each of which has two, reversib'ley one-electron waves at :
: Pt. At MoS;, the first oxidation is reversible in the dark, whereas the second waqwni
oxidatipon is observed only upon illum natmn of the MoS,. The dark oxidatian - 3
BF » BPg and the photoanodic BF*/s BF** are separated by only ~150 mV allowing u
to assign an uncommonly accurate flat-band potential of +0.30 + 0.05 V vs. SCE ﬁ

eld EDD Vs 1473 eormow or 1 wov es s noun UNCLASSIFIED N

/N ono:-ou-uol ki
URITY CLASSFICATION OF THIS PAGE (When Date Bntered)

P ¢ " " .';' \ ‘ A




g S5CUMTY CLASSIFICATION OF THIS PAGE(When Data Entered)

“UNCLASSIFIED b

MoS,. This accurate flat-band potential reveals that the valence band edge is
at =+1.9 V vs. SCE showing that photooxidations doable at Ti0, are thermo-
{dynamicaIIy possible at illuminated MoS, as well. As an example of the
ruggegvess of MoS, we demonstrate the ability to effect the sustained oxidation
of C1€’at illuminated n-type MoS,. Conclusions from BF are fully supported by
those from TMPD and one-electron systems ferr cfne, acetylferrocene, 1,1'-
diacetﬁgffrrocene, and [Ru(Z,Z‘-bipyridine),]g*. Oxidation of [Ru(2,2'-bipyri-

\\\‘dine), can be effected >0.5 V contrathermodynamically by illumination of MoS,.
— appsn oX: 7‘#
i

i Accession For
_ NTIS GRa&I
* LOC TAB

| Unarncuticed '
| Justificution i

By i3

iDigtributten/

Arallehility Codes
Availand/or
s%. special

mll

’
€Y
2

UNCI ASSIFIED
SECURITY CLASSIFICATIGN OF THIS PAGE(When Dera Entered)
P T 7 10 1, WERHR 4 T R S (o O T
gl SR T %

‘ o i R V™ ¥
o PR T A e 1 2 R AR REANRS

Sl




OFFICE OF NAVAL RESEARCH
: Contract N0OOO14-78-C-0630
! Task No. NR 051-696
: TECHNICAL REPORT NO. 1

Flat-Band Potential of n-Type Semiconducting
Molybdenum Disulfide by Cyclic Voltammetry of
Two-Electron Reductants:

Interface Energetics and the Sustained Photooxidation of Chloride

by

Lynn F. Schneemeyer and Mark S. Wrighton

Prepared for Publication

in the

Journal of the American Chemical Society

Department of Chemistry
Massachusetts Institute of Technology
’ J Cambridge, Massachusetts 02139

| July 18, 1979

Reproduction in whole or in part is permitted for
any purpose of the United States Government

This document has been approved for public release
and sale; its distribution is unlimited

79




et

Flat-Band Potential of n-Type Semiconducting Molybdenum Disulfide by

Cyclic Voltammetry of Two-Electron Reductants: Interface Energetics and

the Sustained Photooxidation of Chloride

by Lynn F. Schneemeyer and Mark S. Nrighton*

Department of Chemistry

Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

Abstract: Cyclic voltammetry has been used to locate the band edges of n-type

MoS2 in CH3CN/ and EtOH/[g_-Bu4N]C104 solutions. The crucial experiments
concern the study of the cyclic voltammetry of biferrocene (BF) and
N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) each of which has two,
reversible, one-electron waves at Pt. At MoSz, the first oxidation is
reversible in the dark, whereas the second oxidation is observed only upon
i1lumination of the MoSZ. The dark oxidation BF + BF' and the photoanodic
BF+ - BF++ are separated by only ~150 mV allowing us to assign an uncommonly
accurate flat-band potential of +0.30 + 0.05 V vs. SCE to MoSz. This
flat-band potential reveals that the valence band edge is at ~+1.9 V vs. SCE
showing that photooxidations doable at T102 are thermodynamically possible at
illuminated MoS2 as well. As an example of the ruggedness of MoS2 we
demonstrate the ability to effect the sustained oxidation of C1~ at illuminated
n-type MoSZ. Conclusions from BF are fully supported by those from TMPD

and one-electron systems ferrocene, acetylferrocene, 1,1'-diacetylferrocene,
and [Ru(2,2'-b1pyr1dine)3]2+. Oxidation of [Ru(2,2'-b1pyr1d1ne)3]2+ can be
effected >0.5 V contrathermodynamically by illumination of Mosz.
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We wish to report an exceptionally well-defined flat-band potential,
EFB’ for n-type semiconducting MoS2 in non-aqueous electrolyte solution.
The procedure used follows from that outlined by Bard and his co-workers1'3
for locating energy levels of semiconductors relative to the potentials of
various redox couples by cyclic voltammetry. Locating the energy levels for
MoS2 js useful, since MoS2 has attracted interest recently as a photoelectrode
material with a small band gap, EBG = 1.75 eV, and having unusual ruggedness

with respect to photoanodic decomposition.4 The material has a layered

geometrical structure leading to an electronic (band) structure which is

consistent with a lowest optical absorption associated with Mo d-bands.
Most other n-type semiconducting photoanodes that have been studied involve

p-band materia1s.5 The durability of the n-type MoS2 photoelectrode has been

T e RIS

associated with the fact that the electronic excitation does not involve a

transition having 52' -+ Mo(IV) charge transfer character. In a material
/’

b such as CdS optical excitation involves consideiable §2° Cd(II) charge

transfer, and photoanodic decomposition is a typical result. OQur
measurements establish what reductants can be photooxidized by illumination

of n-type MoSz. Quite interestingly, we find that the contrathermodynamic

oxidation of C1~ can be sustained by illumination of n-type MoSz in

CH3CN solvent.




Results and Discussion

Determination of Flat-Band Potential of n-Type MoS,.

Cyclic voltammetry has been used to locate the band edges for n-type
MoS, in CHyCN or EtOH solutions of (n-BuyNIC10,. Scheme I includes some of
our essential findings in this work. The value EFB is that electrode

6

potential, Ef. at which the bands are not bent, Scheme I,  and the evaluation

of this potential allows location of the valence and conduction band edges,

EVB and ECB’ respectively, by knowing EBG and recognizing that EFB is within
0.1 V of the conduction band. Locating EVB reveals what solution reductants

are thermodynamically capable of being oxidized by a photogenerated hole
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which rises to the top of the valence band (EVB). For solution couples
A+/A where E° falls within the conduction band, more negative than ECB’ the

1-3 whereas

electrode should behave as if it were a reversible electrode,
for E° between EVB and ECB the n-type semiconductor should be blocking to
oxidation. But irradiation of the semiconductor with 1ight of energy

> Egg should create holes which can oxidize A ~ A+ for any E¢ positive of

EFB such that sufficient band bending exists to prevent back electron transfer.

Thus, A can be photooxidized contrathermodynamically to an extent equal to

the difference in EFB and E°(A+/A); that is, in Scheme I oxidation of the

reduced component of the solution can be effected at electrode potentials,

Ef, more negative than E but Ef must be more positive than EFB'

redox
Cyclic voltammetry for a two-electron system A+/A and A++/A+ where the

E°'s are different is particularly valuable and especially so if one E° is

in the conduction band and the other is in the "stateless gap” between EVB

and ECB' For MoS2 both N,N,N',N'-tetramethyl-p-phenylenediamine (T™MPD)
P and biferrocene (BF) meet this criterion; Figure 1 shows the cyclic voltammetry
for TMPD and BF at Pt and at MoS, in the dark or illuminated with a 5 mW, beam
expanded 632.8 nm He-Ne laser providing ~50 mw/cm2 optical power. The anodic

2 peak positions are listed in Table I. Note that both TMPD and BF exhibit two,

reversible, one-electron waves at Pt7’8 but at MoS2 in the dark there is

only one, reversible, one-electron wave under the same conditions and at the

same potential as at Pt. This result shows that the first oxidation has an E°
situated in the conduction band but that the second E° is between EVB and ECB‘ 1
Upon illumination, MoS2 exhibits two waves, one at the same position as in the

dark and the other somewhat more positive and somewhat broader than the first

, wave. The second, T1ight dependent, wave on MoSz is logically associated with

y : the contrathermodynamic oxidation of TMPD* to TMPD'™* or BF' to BF**. Quite

interestingly, the dark wave for BF and the second wave are separated by only
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~150 mV; within the framework of the model developed above, this places
EFB between the two peak positions. The onset of the photocurrent for both
TMPD and BF is at approximately +0.3 V as seen in Figure 1. We thus
bracket EFB between +0.3 V and +0.5 and assign it the value of +0.30 V +
0.05 V vs. SCE. Essentially the same results are found in EtOH solvent but
for both TMPD and BF there appear to be adsorption phenomena associated
with the second oxidation wave. Further, it is interesting to note that
our value of EFB is close to that given foraqueous media.4

The one-electron reductant ferrocene behaves consistently; sluggish
oxidation obtains in the dark at MoSz, despite the fact that the formal
potential is only 80 mV more positive than for BF+/BF, Table I. The wave
for ferrocene is broader and the peak-to-peak separation is much greater
than at Pt. Oxidation of acetylferrocene, 1,1'-diacetylferrocene, and
[Ru(2,2‘-bipyr1‘d1’ne)3]2+ is not found at MoS2 in the dark but each can be
oxidized contrathermodynamically upon illumination of Mosz, Table I. For
example, the oxidation of [Ru(2,2'-bipyridine)3]2+ occurs ~0.5 V more negative
than at Pt.

A1l of the reductants examined thus far exhibit a photoanodic current
onset in the vicinity of +0.30 V vs. SCE, consistent with the assigned
value of EFB‘ However, we do find that the photoanodic current peak is not
at the same position for all of the redox couples employed. Some of the
variations may be due to minor variations in the electrodes used, but an
explanation is required for the rather large difference between the +0.83 for
[Ru(2.2'-b1pyr1d1ng)3]3+/2+ compared to the +0.5 - +0.6 for the other couples.
We attribute the differences in photoanodic peak positions to surface states
between EVB and ECB which facilitate the reduction of solution species.
Evidence for surface states comes from the observation that BFY*, TMPD**,

1,1'—d{acetylferricenium, acetyliferricenium, and [Ru(Z.Z'-bipyridine)3]3+
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all undergo reduction at n-type MoS2 in the dark at potentials which are
positive of EFB’]-B Crudely, we find that at a given sweep rate the
reduction peak in the dark is more positive as the E° of the system in
question moves more positive. Often when low concentrations of the oxidized
form are involved, the reduction peak in the dark at n-type MoSz occurs

near the position found at Pt at ~100 mV/sec sweep rates. Low
concentrations are important since only low current densities are required te
see the cyclic voltammetric wave. Apparently, the surface state aensity

is sufficiently low that the reduction current can be overcome at even
modest hole generation rates (low light intensity). The ~50 mM/cm2 light
intensity employed here is of the same order of magnitude as that expected
from sunlight. Generally, we find that increased light intensity makes the
cyclic waves sharper and results in more negative photoanodic current peaks,
but the peak is never found more negative than +0.45 V and the onset is

no more negative than +0.30 V vs. SCE.

The redox couples investigated and listed in Table I are chosen, in
part, because they have fast charge transfer kinetics. But a priori
we really do not know whether the kinetics will be as favorable at an
electrode material such as Mosz. Therefore it is possible that the
variation in the photoanodic peak position is attributable, at least in
part, to the differences among the couples in their heterogeneous electron
transfer rate at MoSz. The relationship between surface states, the rate
of photooxidation, and dark reduction, and the nature of the solution

species is not clear.
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Sustained Oxidation of C1~ in Non-Aqueous Media.

With a band gap of 1.75 eV, the position of EVB for MoS2 is at a very
positive potential, ~1.9 V vs. SCE. Accordingly, visible light
generation of holes in MoS2 could lead to oxidation processes as difficult
energetically as those which can be effected by ultraviolet light
illumination of the very durable n-type TiO2 (EVB ~+ 2.0V vs. SCE).9
One question is whether such processes do occur, and if so, for how long
and with what electrical energy savings by using light. From the data in
Table I it is obvious that there are a large number of species that can be
oxidized at illuminated, n-type MoSz. However, a number of these systems
cannot be oxidized with constant efficiency; that is, at a fixed potential
where photocurrent does obtain, the photocurrent declines in time. The
difficulties would appear to arise from the redox couples used in that the
MoS2 becomes covered with precipitates from either the starting material or
from the electrochemical product. Refreshing the electrode surface by
rinsing with a suitable solvent does rejuvenate the photocurrent, but it would
appear that MoS2 photoanodes suffer the same sorts of difficulties that are

encountered generally in organic electrochemistry where solid electrodes

are employed. In these instances it is difficult to determine just how
durable the MoS2 actually is. Accordingly, we sought to find a redox i
system which could be studied in CH3CN electrolyte solution in order to ‘
assess the durability of n-type MoSz. The powerful oxidizing power of

photogenerated holes suggested that we attempt the oxidation of C1 .

In ~0'|3CN electrolyte solution C1™ is susceptible to sustained photooxidation at
n-type mﬁz. EssentiaTly the same findings obtain with LiC1 or[Et;‘N]CJ . Figure 2 shows
the equi 1ibrium photocurrert-voltage arves for a solutioncontaining C17. In the CH4CN/-
0.1M n-&hN]C104 solution rophotocurrert is found over the notential range s@anned. The
oxidation current at a Pt electrode is shown for comparison. The oxidation

of C1” at Pt is known to produce C12/c13‘ mixtures.1° At n-tyoe MoS,




the photocurrent onset for C1~ oxidation is near +0.3 V vs. SCE, consistent
again with the value of EFB determined from cyclic voltammetry.

It would appear that the oxidation of C1~ can be effected contra-
thermodynamically at illuminated n-type Mosz, since the onset of oxidation
current is at a more pcsitive potential at the Pt electrode. By
"contrathermodynamic" we mean the oxidation occurs at potentials more negative
than thermodynamically allowed. But it is the oxidizing power of the photo-
generated holes that makes possible the contrathermodynamic process. Cyclic
voltammetry, Figure 3, of C1~ oxidation at Pt and at illuminated n-type
MoS2 reveals that the photoanodic peak for C1~ oxidation is at a more negative
potential than the anodic peak foundatPt. At increased light intensity the photoanodic peak
is observed tobe as negative as +0.72V vs. SCE. From the orset potentids for oxidation
current it would appear that illumination & an ntype I"nS2 photoanoce al” ows anelectrica
energy savings of >0.5 V compared to a Pt anode for C1~ oxidation.

The data summarized for C1~ photooxidation accord well with that for
the various couples detailed in Table I. Moreover, we find the
photoanodic current for C1~ oxidation to be remarkably constant. Figure 4
shows a representative plot of photocurrent against time for C1~ oxidation.

A constant (within 3%) photocurrent of ~1 mA/cm2 is shown for a period exeeding
10 h. 1Inasubsequent eperimert with the same electrode 8h of constant (within 3%) photo-
current was found at ~10 nNcn?. Similar experiments have been @arried out with o'dwer‘MoS2
photoelectrodes and the results ae essentially invariant. The surface of MoS2 electrodes

used i such media are not visibly changed, and the photocurrert-voltage propertes ae constart

aswell. For a number of Mo$2 electrodes we have passed a significartly larger rumber of moles

of electrons through the interface than the rurber of moles of M052 initially used. No
evidence for destruction of MoS, obtains.

The photooxidation of C1° results in the generation of C12/C13', as
with oxidation at Pt. Several facts establish' the product identity.
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Photoxidation of C1~ in the MoSz anode compartment of a two compartment cell
results in a yellow coloration of the solution. The characteristic smell
of C12 is present after photooxidation, and the solution gives a positive
starch/iodine test. The anolyte potential moves from ~0.0V to ~+Q.8V vs. SCE or
very close to the value obtained by adding C12 to the solution. Addition of the
anolyte product solution to a solution of [IrC1(CO)(PPh3)2] results in the
apparent oxidation to an Ir(III) compound.11 Thus, it would appear that
n-type MoS2 can be used to effect the sustained contrathermodynamic generation
of C12 using visible light. Given that the band gap of M052 is only 1.75 eV,
the ~0.5 V "underpotential” for Clz production is respectable. However, the
rectangularity of the photocurrent-voltage curves is poor, Figure 2, and the
overall efficiency of a light driven process is small. Further, the quantum
yield for electron flow is small, and the quantum yield declines with
increasing light intensity. Table II summarizes some of the quantitative
information culled from anelectrochemica cell. The important finding is
that the M052 is rugged; an CH3CN/C12/C1' system comprises an electrolyte
solution which yields a stable photocurrent from MoSz. In a single
compartment cell we have demonstrated that an n-type MoSz-based photocell
can be operated using the C12/C1’ couple. On the time scale of our
experiments, we found no evidence for chlorination of the organic matter in
the cell, but ultimately such would likely obtain. The CIZ/CI' couple
would be too corrosive for long duration experiments. But interestingly,
it is not the stability of illuminated MoS, which is Timiting.

The durabi lity of Mc:SZ is especially interesting when contrasted to n-type CdS

2

(!.-‘BG =2.4 eV) which has been established tohaveE, x+1.5Vvs. SCE.”- We find that C& shows

VB
substantid anodic decomposition currert when illuminaed in electrolyte solutions where MoS2
is stable. In ore emerimen, for exanplie, n-type CdS illuminaed & -0.65V vs. SCE n the

presence of CIZ/U' such that Zx'IO'5 moles of electrons passed at ~20 mﬁ/cm2 yields obvious

electrode deterioraion while M052 illuminaed & +0.8V & the same current density to
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moles of electrons showed ro deterioration. Though CdS has energetics which
would indicate that C]z generation is possible (EVB more positive than
E°(C12/C1'), the sustained generation of C12 is not found. Either C'I2 is

3 never formed or it (or intermediates) attack the surface of CdS to oxidize

it. The CdS-based cell employing an 13'/1' couple is durable,12 but it is

likely that the 13'/1' is about as oxidizing a medium as can be tolerated by

CdS-based energetics for the CdS anodic decomposition.13 It is not clear

! .
( just what the anodic decomposition energetics are for MoSgp since the products
|

are not known. But the ability of MoS2 to survive C]z is remarkable.

Comparison to Aqueous Electrolyte Solutions.

n-Type MoS2 was first characterized in aqueous media; in particular

photocurrent-voltage curves and photocurrent vs. time was recorded in

3 H20/0.1ﬂ KC1 solutions. The photocurrent onset was in the vicinity of

| 4+0.3 V vs. SCE consistent with EFB close to what we find in CH3CN.
Curiously, the earlier characterization of M052 in HZO/O.I_ﬂ KC1 did not
include the consideration that C1~ could be oxidized by the photogenerated
holes. Such may have been responsible for the relatively stable photo-
currents found from the MoSz. The main finding from our study in this
connection is that in the non-aqueous media the energetics are the same

as for the HZO solvent and we do find good, constant current for C1~

oxi dation .

it —
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Summary

The interfacial energetics for n-type MoS2 contacting CH3CN electrolyte
solutions have been accurately defined using cyclic voltammetry. The best
data concern two-electron redox couples having one reversible, one-electron
wave more negative than the flat-band potential, EFB' of MoS2 and another,
1ight dependent, one-electron wave having E° more positive than EFB' We
find EFB = +0.30 + 0.05 V vs. SCE for n-type MoSz. A large number of
reductants can be oxidized contrathermodynamically by visible light
irradiation of MoSZ; maximum photovoltages are ~0.5 V. The sustained
photooxidation of C1~ at n-type MoS2 has been demonstrated; optical energy
conversion efficiency is low. Improvement hinges on improving the quantum
yield and the current-voltage properties. The poor properties encountered
thus far are likely due to surface states situated between the valence
and conduction band. Evidence for surface states comes from the

cyclic voltammetry experiments.
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Experimental

Materials. A sample of natural, single-crystal MoS2 was obtained from

Climax Molybdenum Company (Greenwich, Connecticut). Samples were cleaved

by slipping a sharp steel blade between the layers, then cut into smaller
pieces (typically 5 mm x 5 mm x 0.1 mm) by pressing the blade perpendicular

to the layers. Spectrograde CH,CN, absolute EtOH, ferrocene, acetylferrocene, LiC1,
and [Et4N]C1 were used as received from commercial sources, after checking

for electroactive impurities at a Pt electrode. 1,1'-Diacetylferrocene does
show impurities and was purified by ®@lumn chromatcgraphy prior touse. N,N,N',N'-
tetramethyl-p-phenylenediamine (TMPD) was purified by sublimation. Biferrocene
(BF) was prepared as described in the Ht:erai:ur'e.8 [Ru(2,2'-bipyrid1'ne)3]2+
was used as the C104' salt. [378u4N]C104, from Southwestern Analytical
Chemicals, was vacuum dried at 70°C for 24 hours.

2 exposed area) were'

Electrode Preparation. MoS2 electrodes (~0.1 cm
fabricated as follows. Satisfactory electrical contacts were made by rubbing
Ga-In eutectic on one side of a freshly cleaved crystal and mounting (with
conducting silver epoxy) onto a coiled copper wire. The copper wire lead
was passed through 4 mm Pyrex tubing and the assembly insulated with
ordinary epoxy leaving only the MoSz 001 face exposed to the electrolyte.

MoSz is a fragile material. The surface is susceptible to damage from
too vigorous stirring which presumably shears off flakes of MoSz. Also, rough
handling can cause the epoxy seal to break loose from the surface resulting

in leakage to the metallic mount.

Electrochemical Equipment and General Procedures
Cyclic voltammograms were recorded in CH3U!or EtOH solutions of 0.1 M

n-Bu,N]C10, using a PAR Model 173 potentiostat equipped with a Model 175
4 4
programmer. Scans were recorded with a Houston Instruments X-Y recorder.

Except where otherwise stated, a single compartment cell was used employing

s

»”w&'«m RV o




a standard three electrode configuration with a Pt counterelectrode and a

saturated calomel reference electrode (SCE). A1l measurements are for 25°C. |
Electrodes were illuminated using a beam expanded 632.8 nm He-Ne laser ‘

(Coherent Radiation) providing ~50 mN/cm2 or an Ar ion laser (Spectra Physics |

Model 164) tuned to the 514 nm line. The intensity of the irradiation was |

determined using a Tektronix J16 digital radiometer equipped with a J6502 probe. j
Electrodes were routinely checked prior to use and re-checked at the

completion of most experiments by scanning in a 0.5 M TMPD/0.1 M [ngu4N]C104/-

CH3CN electrolyte at 100 mV/sec. Under illumination, good electrodes show a

photocurrent onset for TMPD* + TMPD** at ~0.3 V vs. SCE with a well-defined

photoanodic peak at ~0.5 V vs. SCE. The presence of a wave for

TMPD+/TMPD++ in the dark indicates an imperfect epoxy seal and such

electrodes were rejected.
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Table I. Comparison of Anodic Peak Current Positions for Various Redox Couples

at Pt and n-Type Mosz.a

V vs. SCE
———t\ ——
T i o
Reductant; A,A" Electrode ( geb Epp(A'/A)  Epp(A™/A")
T™PD, TMPD' Pt 0.10, 0.68 0.14 0.82
MoSz(dark) 0.15 Not Observed
M052(1ight) 0.15 0.58
BF, BF' Pt 0.30, 0.67 0.34 -0.67
MoSz(dark) 0.34 Not Observed
MoSz(light) 0.34 0.50
Ferrocene Pt 0.38 0.42 -
MoS, (dark) 0.50(broad)®  ----
MoSz(Iight) 0.48 Sl
Acetylferrocene Pt 0.63 0.66 e
MoS, (dark) Not Observed .
MoS,(1ight) 0.54 acea
1,1'-Diacetyl- Pt 0.83 0.87 e
ferrocene MoSZ(dark) Not Observed ——e-
MoS,(1ight) 0.59 B
[Ru(2,2'-bi- Pt 1.25 1.30 ———-
4,4+
pyridine)3]3 /2 "°Sz(d°rk) Not Observed cane
MoSz(light) 0.83 cme-

®A11 data are for CHyCN/0.1M [n-Bu,NIC10, solutions at 20°. Pt and MoS, data for

a given reductant were recorded in the same solution. Reductants are at ~1 mM

concentration in each case. EPA is the position of the anodic current peak;
TMPO is N,N,N’',N'-tetramethyl-p-phenylenediamine; BF is biferrocene.
I1lumination of n-type MoS2 was with 632.8 nm 1ight from a He-Ne laser

" 50 mN/cmz).
b-

cSee text.

R I NS AT T AR . BT

ese E°'s are from cyclic voltammetry at Pt-féil electrodes in the electrolyte
colution used for all other studies.
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Figure Captions

Figure 1. Comparison of cyclic voltammetry for TMPD, (a) and (b), and
biferrocene, (c) and (d), at Pt and MoS (dark) or illuminated. I1lumination
was with 632.8 nm 1ight at ~50 nﬂ/cm

Figure 2. Representative equilibrium current-voltage curves (5 mV/sec) for
n-type MoS, in 0.1 M [Et,N]C1/0.1 M [n-Bu,N]C10,/CH,CN electrolyte.
Incident 514 nm optical power is given in mi; to obtain light intensity or
current density, multiply by 15 cm'z. The current-voltage curve for a

Pt wire electrode of similar area to the MoS2 electrode is shown for
comparison (dashed curve).

Figure 3. Comparison of cyclic voltammetry for 0.5 MM [Et N]C1 at Pt and
illuminated MoS2 at 632.2 nm, ~50 mN/cm

Figqure 4. Plot of photocurrent against time for n-type MoS2 (~0.1 cmz)
illuminated with 632.8 nm light (~50 mW/cm ) The electrode was
immersed in a stirred CH;CN solution of 0.1 !_[Et4N]Cl and 0.1 M
[g¢Bu4N]C104. The electrode potential was fixed at +0.9 V vs. SCE.
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